Objective: To study processing and fermentability in the human gastro-intestinal tract of a newly isolated, enzymatically modi®ed, soluble, and highly concentrated ( b 80% dietary ®bres) solubilised potato ®bre (SPP). Setting: Gastroenterological laboratory. Design, subjects and interventions: Seven healthy volunteers ingested in random order on seven different days: 20 g SPP; bread made of 180 g wheat¯our served with 20 g raw SPP; bread baked of 180 g wheat¯our and 20 g SPP; bread made from 180 g wheat¯our; 20 g lactulose; 20 g oat bran; and 20 g wheat bran. The hydrogen breath test was used to evaluate oro-coecal transit time (OCTT) and fermentation. Results: Fermentation of SPP yielded a measurable increase in end-expiratory H 2 . The total incremental increase in end expiratory H 2 due to SPP was unaffected of whether SPP was served alone, as the raw¯our served with bread, or baked into bread. The OCTT for raw SPP was signi®cantly delayed compared to lactulose (P 0.01). The OCTT for SPP baked into bread was signi®cantly delayed compared to raw SPP (P 0.01), indicating that SPP may be used as a marker of oro-coecal transit time for as well the¯uid phase as the solid phase of a meal. Conclusions: SPP is a fermentable, highly concentrated soluble ®bre source. Baking SPP did not interfere with the fermentable properties. Thus, SPP may be interesting as a ®bre-supplement in ®bre-poor diets. The change in oro-coecal transit time for SPP, depending on the composition of the total meal, makes SPP interesting as a marker in studies of gastrointestinal transit.
Introduction
In Western societies, food consumption has changed from a diet rich in carbohydrates and dietary ®bres to a diet rich in fat, and poor in carbohydrates. Burkitt (1993) stated as one conclusion of a life-times work in the ®eld:`To reduce the prevalences of western diseases, the only way forwards is backwards, towards the composition of foods to which we are genetically tailored, but using the bene®ts of modern science to make the food attractive and appetising'. Several bene®cial effects to health have been attributed to dietary ®bres, they are especially important as a substrate for fermentation by the (human) colonic bacterial¯ora (Cummings, 1983; Eastwood & Morris, 1992) . But in spite of many years massive food recommandations, the Western diet is still poor in dietary ®bres. This fact has increased the interest in substrates with ®bre effects, to be used as food additives, not affecting the usual composition of the modern diet.
In a search for useful food additives with dietary ®bre qualities, enzyme-modi®ed, highly soluble potato-®bres (SPP) has been isolated (Norsker, 1991; Kofod, 1992) .
The volume of a loaf in which 2.5% of wheat¯our was replaced by SPP was approximately the same as that of a standard loaf. The sensory parameters of this bread were also very similar to them of a standard loaf. In contrast, a signi®cantly smaller volume and a poorer sensory quality was observed when insoluble ®bres (wheat bran) were used. Further, it is possible to add 2% SPP to a diet drink without altering the taste or the mouthfeel of the product (Kofod, 1992) . These properties made it attractive to continue studying some biological effects of SPP.
In the present study, we have examined fermentability by the human colonic bacterial¯ora of raw and baked SPP, and we have studied the in¯uence of SPP on the oro-coecal transit time. We have compared the properties of SPP to usual ®bre sources as oat bran and wheat bran and the disaccharide lactulose.
Methods

Subjects
Seven healthy volunteers, (age 21±25 y), 3 males, 4 females, participated in the study after written and oral informed consent. They used no medication, had no history of diabetes, of gastro-intestinal-or pulmonary disease, or recent use of antibiotics. None of the volunteers had any need of antibiotics during the period of the experiments.
Materials
Fibre samples. 800 g of solubilised potato ®bres (SPP) was produced at the pilot plant of Department of Biotechnology, Technical University of Denmark. 10 kg of commercially available potato ®bres (Potex from Agri Pilot AB, Sweden) was mixed with 250 l water and the suspension was milled in a rotary crusher (clearance 0.1 mm). The slurry was led into a large stirred tank where pH was adjusted to 6.0 and it was heated to 90 C. The gelatinized starch was solubilised by adding 160 g Termamyl (a heat-stable alpha-amylase, produced by a selected strain of Bacillus licheniformis) (Novo Nordisk). After 30 min of hydrolysis, the suspension was cooled to 60 C, pH was adjusted to 8.0 and 160 g Alcalase (a proteolytic enzyme prepared by submerged fermentation of a selected strain of Bacillus licheniformis) (Novo Nordisk) was added in order to solubilise protein. The enzymes were inactivated by heat after 30 min. The suspension was centrifuged in a Flottweg Z 18 decanter centrifuge (centrifugation parameters:¯ow 225 lah, pressure 1 bar, radius 120 mm). The sediment was suspended in water and centrifuged again.
The obtained puri®ed insoluble potato ®bres served as the substrate for a mixture of polysaccharide degrading enzymes (Pectinex Ultra SP from Novo Nordisk, Denmark). The enzyme preparation contained mainly pectinases. The ®bres were suspended in 175 l water, heated to 45 C and pH was adjusted to 4.0. Pectinex Ultra SP was added in a concentration of 1% of the dry matter and the hydrolysis took place for one hour. After heat inactivation of the enzymes, the slurry was centrifuged in a Flottweg Z 18 decanter centrifuge (centrifugation parameters: ow 225 lah, pressure 1 bar, radius 120 mm). The supernatant containing the soluble ®bres was ultra®ltered on a plate-and-frame ultra®ltration unit from DDS, Denmark (membrane: Hekla 20A, membrane area 2.25 m 2 , inlet pressure 6.2 bar, outlet pressure 5.7 bar, 26±30 C, ow of retentate approximately 11 m 3 ah) and the retentate was spray-dried in a Niro Production Minor (Niro Atomizer, 22.5 kW, gear 4.2, T inlet 280 C, T outlet 120 C) to obtain the ®nal ®bre product, solubilised potato polysaccharide (SPP). On a dry matter basis SPP contained approximately 80% dietary ®bres, 2% protein, 6% ash, and the rest was small sugars. The ®bres consisted of 75% ®bres with a high molecular weight, above 200 000, and 25% ®bres with a molecular weight of approximately 2000 (Norsker, 1991) .
The following functional properties of SPP have been examined (Norsker, 1991; Kofod, 1992) : viscosity (determined with an Ostwald viscometer), emulsifying capacity, and interaction with protein. The viscosity of a 0.5% ®bre solution was very low (1.05 cP) in consideration of the high molecular weight. The SPP possessed no emulsifying capacity neither alone, nor in combination with protein.
The SPP did however slightly inhibit the precipitation of whey protein in water at its isoelectric point.
Comparisons were made to the usual ®bre sources: oat bran as an example of soluble dietary ®bres and wheat bran to represent insoluble dietary ®bres. Oat bran (OB), containing 19% dietary ®bres, wheat bran (WB), containing 48% dietary ®bres, both samples obtained commercially. Lactulose (667 mg lactuloseaml (SAD, Copenhagen)) was used as a standard, providing a high response in the hydrogen breath test. Bread was made from white wheat¯our (wwf) (per 100 g: carbohydrate 71 g, protein 10 g, fat 1 g).
Test meals. For the fermentation studies, SPP, OB, and WB, 20 g of each were served as the¯ours mixed in tap water, and water was allowed ad libitum during the registration period. 20 g raw bran was the limit of what the volunteers were willing to ingest in one meal, so we had to accept equal amounts of substrate rather than equal amounts of dietary ®bres in the test meals. Breads were made according to the following standard recipe: 500 g wwf, 100 ml 5% yeast solution, 100 ml sugar and salt solution, (5% sugar 7% salt), 100 ml water. The ingredients (at room temperature) were all weighed out and mixed. The dough was mixed in a kneading machine (Strùmmen, Denmark), 30 s at rate 1, then 90 s at rate 2. The doughs were placed at 34±37 C for 60 min to rise, then the doughs were kneaded by hand, and left for another 30 min at 34±37 C to rise. The doughs were kneaded again, put into a tin and left for 60 min to rise, then baked at 230 C for 35 min. The bread was weighed, the crust removed and the rest cut into portions corresponding to 180 g wwf. The portions were stored at 720 C until 16 h before ingestion. Breads were also made according to the same recipe, but 10% (waw) of the wwf was replaced by SPP.
Study design
Fermentation studies
After fasting for 12 hours, the subjects met at 7.30 am in the laboratory on seven different days, each separated by 7 d. Test meals were ingested in the laboratory at 8 am, and breath H 2 measurements were performed every 30 min for 12 h.
All subjects were initially challenged with 20 g (30 ml) lactulose in 200 ml tap water. All were able to generate a signi®cant sustained rise in hydrogen (H 2 ) in end-expiratory (end-exp.) air of more than 10 ppm (Rumessen et al, 1987) . The test meals were given in random order, but not blinded. Before ingestion of the test meal, a breath-test (after a mouth-wash in 0.1% solution of chlorhexidine (Thompson et al, 1986; Mastropaolo & Rees, 1987) was performed to obtain a fasting level of end-exp. H 2 concentration. If the level exceeded 20 ppm, the test was repeated after 30 min, and if it still exceeded 20 ppm, the experiment was postponed to another day. The volunteers were seated comfortable. Smoking, sleeping or exercise was not permitted for the 12 hours. At 12 noon and at 4 pm a meal consisting of boiled, polished rice and ground beef was served. This meal does not in¯uence expiratory hydrogen level (Rumessen et al, 1990) .
End-exp. breath samples were obtained by expiration through a T-piece connected to a 20 ml air tight plastic syringe (for details see Rumessen et al, 1990) . H 2 excretion (parts per million, ppm) was measured as the mean of duplicate samples with a model DP microlyzer (Quintron Instruments Co. Inc., Milwaukee, Wisc. USA).
Calculations
As basal H 2 level value, we used the lowest H 2 concentration prior to the initial sustained rise (Rumessen et al, 1990) . The cumulated excessive end-expiratory H 2 response (AUC) was calculated as the SH 2 x7H 2 b from the start of a sustained rise in end expiratory H 2 to the end of the observation period. H 2 b is basal level, H 2 x is the actual H 2 value. As a sustained rise, we de®ned at least two consequetive increases of more than 6 ppm above basal level. 6 ppm was chosen partly to avoid misinterpretation of basal¯uctuations, partly because Strocchi et al (1993) found, that a breath H 2 b 6 ppm measured 6 h after a meal had a near perfect sensitivity and speci®city for carbohydrate malabsorption. Oro-cecal transit time (OCTT) was de®ned as the time from ingestion to the the time of initial measurable increase in end exp. H 2 immediately prior to a sustained rise. Results are presented as mean values. For statistical analysis Student's t-test for paired data, and the Wilcoxon matched pairs signed-ranks test were used (Brown & Hollander, 1977) .
The study was approved by the ethical committee of Copenhagen County and was carried out in accordance with the Helsinki declaration II.
Results Figure 1 shows the increase in end-exp. H 2 after ingestion of 20 g solubilised potato polysaccharides (SPP) compared to the increase after 20 g lactulose, 20 g raw oat bran (OB) and 20 g wheat bran (WB). Judged from the initial, measurable increase prior to a sustained increase in H 2 response (Bond & Levitt, 1975) , the oro-coecal transit time (OCTT) for SPP was faster than for OB or WB, but not as fast as for lactulose. OCTT, lactulose: Mean 1 h, range The OCTT (WB) was 3.2 h, range 2±4 h, the AUC was 47 AE 27. The OCTT (OB) was 5.2 h, range 4±7.5 h, the AUC was 116 AE 20. The OCTT (WB) was not signi®cantly different from the OCTT (SPP) (individual differences: 7 1 2 ± 2 h, one volunteer failed to produce a signi®cant increase in end-exp. H 2 after WB). The OCTT (OB) was signi®cantly longer than OCTTs (SPP and WB), individual differences from 1 1 2 ± 4 h for OB vs SPP; from 2±4 h for OB vs WB (one volunteer failed to produce a signi®cant increase in end-exp. H 2 after OB), P 0.02 for OB vs SPP; P 0.03 for OB vs WB. The WB test meal provided nearly 10 g potentially fermentable substrate, the OB test meal 4 g, and the SPP test meal approximately 15 g. Even taking this into consideration, the AUC (WB) was signi®-cantly smaller than the AUC (SPP), whereas the AUC (OB) might be comparable to the AUC (SPP). Figure 2 shows the increase in end-exp. H 2 after ingestion of 20 g raw SPP, white wheat bread (180 g wwf), bread made from 180 g wwf served with 20 g raw SPP, and ®nally bread baked of 180 g wwf 20 g SPP. Serving the raw ®bres with bread prolonged the OCTT for the ®bres as evaluated by the initial sustained increase in end-exp. H 2 (SPP: Mean 2.7 h, range 1.5±4.5 h, bread SPP: Mean 4.0 h, range 2.5±7 h, individual differences: 0± 5 h, P 0.04). The time of the peak value in end-exp. H 2 , judged to represent maximal fermentation of bread, was unaffected of the presence of the SPP. Baking SPP into the bread resulted in an OCTT of the same length as the bread alone (Figure 2 ), (5.1 h, range 4±6.5 h vs 6.1 h, range 5.5± 7 h, P b 0.1). The AUC for bread raw SPP was equal to the AUC after bread baked with SPP, and to the sum of AUCs after bread and SPP ingested separately. AUC for bread baked with SPP was 860 (range 306±1316), for bread and raw SPP: 794 (range 560±1032), bread and SPP ingested as separate meals resulted in a sum of 793 (range 383±1186), no signi®cant differences.
Discussion
Solubilised potato polysaccharides (SPP) are a highly concentrated ®bre source. They may be added to bread or diet drinks without signi®cantly changing taste or mouthfeel of the product (Kofod, 1992) . In the manufacturing of ice cream, SPP has been shown to be a potential fat replacer, giving a sugar free low fat ice cream the creaminess that usually lack, when sorbitol is used as the bulking agent (Kofod, 1992) . The low viscosity and lack of emulsifying capacity means that the ®bres can be added to Fermentability of an enzymatically modi®ed SPP M Olesen et al different food products at least in a concentration up to approximately 2% without signi®cantly affecting the physical and sensory properties of the product. Addition of 10% of either SPP or WB signi®cantly reduced the volume of the loaves compared to the volume of a standard loaf, con®rming that the addition of more than 7±8% ®bres, soluble or insoluble, to white wheat bread demands changes in the bread making process (Dreher, 1987) . Also the sensory qualities of bread, containing 10% ®bres were reduced (Kofod, 1992) . The primary purpose of the present study was to evaluate the gastro-intestinal handling and the fermentable properties of SPP. Ingestion of SPP resulted in signi®cant increases in end-exp. H 2 , indicating the arrival of signi®-cant amounts of fermentable substrate to the colon. OCTT was signi®cantly longer for SPP than for lactulose. Lactulose, being a disaccharide, has previously been proven to accelerate small intestinal transit time (Read et al, 1982) , and recent studies (De Vries et al, 1988; Wutzke et al, 1997) , concluded, that the lactulose H 2 breath test underestimated the OCTT.
The AUC after lactulose was 3±4 times the AUC after SPP, although the amounts of fermentable substrates in the two test meals were supposed to be nearly identical (the contents of high-molecular polysaccharides in SPP was b 80%, that is 15 g fermentable substrate vs 20 g in the lactulose test meal). Thus SPP was either fermented through other pathways (Gibson et al, 1990; Christl et al, 1992) , not involving the production of the same amounts of H 2 , or it was not fermented to the same extent, or at the same rate as lactulose. Another explanation may be, that part of the polysaccharides had been digested in the small bowel, thus reducing the amount of fermentable substrate offered to the colonic bacterial¯ora. SPP was fermented faster or more extensively than the ®bres of the WB. The content of dietary ®bres in the OB test meal was only 19%, corresponding to 4 g. The SPP test meal contained approximately 15 g ®bres. Thus the ®gures: (AUC, OB): 116 AE 20 vs (AUC, SPP): 339 AE 70 may indicate, that the two sources of dietary ®bres were fermented by the colonic bacterial ora in a comparable pattern. Englyst & Cummings (1985) and Englyst et al (1992) found, that`porridge oat' only contains small amounts of resistant starch, whereas Lia et al (1996) found signi®cant amounts of non-identi®ed carbohydrates in ileal ef¯uents after ingestion of oat bran. Thus the OB test meal may contain more than just 4 g fermentable substrate. Wolever & Robb (1992) , examining the H 2 and CH 4 responses after ingestion of 15 g of ®ve different puri®ed ®bre-sources (guar, pectin, psyllium, soy polysaccharide, and cellulose), found, that none of these ®bres had a signi®cant effect on breath H 2 and CH 4 . This statement could also be applied on the OB and WB data in the present experiments using the conventional criteria for the H 2 breath test: a sustained increase of more than 20 ppm (Metz et al, 1976) , or 10 ppm (Rumessen et al, 1987) . These criteria fail to identify malabsorption of small amounts of carbohydrate, especially slowly fermentable carbohydrates, so we used the criterion suggested by Strocchi et al (1993) : a sustained increase in end-exp. H 2 of 6 ppm or more. Using this criterion, we could identify the presence of fermentable substrates in the colon in 6 of 7 volunteers after ingestion of WB, and in (another) 6 of 7 after ingestion of OB. We did not expect to ®nd an increase in end-exp. H 2 after OB or WB, so we made no efforts to force the volunteers into accepting higher doses of the crude bran test meals. 20 g bran served with water is not palatable. None the less we can conclude, that the ®bre sources containing soluble dietary ®bres (OB and SPP) resulted in higher H 2 responses than the WB, containing mainly insoluble dietary ®bres.
Wheat bran, sugar-beet ®bre and pea ®bre all reduced the OCTT of the total meal, evaluated by the H 2 breath test (Hamberg et al, 1989 , Olesen & Gudmand-Hùyer, 1997 , whereas Vincent et al (1995) found, that small intestinal transit was relatively unaffected of the presence of dietary ®bres. From the data presented here, it is not possible in details to evaluate the OCTT for the`bread part' of the test meal consisting of bread and raw SPP. On the other hand, the secondary increase in end-exp. H 2 after bread raw SPP parallelled closely the increase after bread alone (Figure 2) , so a guess is, that OCTT for the bread was unaffected of the presence of SPP.
Baking the SPP into bread resulted in a H 2 response of the same size as the sum of responses after raw SPP and bread served on different days, indicating that the fermentable properties of SPP was unaffected by baking. This is not a proof though, as the rate and route of H 2 disposal depends on the rate of H 2 production, leaving the H 2 breath test unsuitable for making quantitative estimates of carbohydrate fermentation (Christl et al, 1992) . Baking the ®bre into bread or serving the raw ®bre with bread increased the OCTT for SPP. The most probable interpretation of this ®nding is, that the ®bre served alone traversed the small bowel with the liquid phase and, baked into bread, with the solid phase. A delay in OCTT for the solid phase vs the liquid phase has previously been found (Malagelada et al, 1984) . Gastric emptying is delayed by glucose solutions in duodenum (Brener et al, 1983 , Lin et al, 1989 . That may be the reason why presence of bread in the gastro-intestinal tract delayed the arrival of the raw SPP to the colon.
Conclusions 20 g SPP is fermented by the colonic bacterial¯ora in a pattern yielding suf®cient amounts of H 2 to be measured in end expiratory air. Baking SPP into bread do not change the fermentable properties. As the presence of 2.5% SPP in bread do not change the volume, texture or taste of bread, it might be worth considering as a food-additive in diets poor on fermentative substrates.
SPP might be interesting in physiological studies of gastro-intestinal transit as it yields a measurable increase in end-exp. H 2 . From the data presented, it is presumed, that SPP can be used to represent as well the¯uid phase of a test meal as the solid phase, and a quali®ed guess is, that SPP interferes less with gastro-intestinal transit than lactulose, that traditionally has been used for transit studies. Contrary to other puri®ed ®bre sources, ingestion of moderate amounts of SPP resulted in measurable increases in end-exp. H 2 .
